In pesticide biomonitoring studies, researchers typically collect either single voids or daily (24-h) urine samples. Collection of 24-h urine samples is considered the ''gold-standard'', but this method places a high burden on study volunteers, requires greater resources, and may result in misclassification of exposure or underestimation of dose due to noncompliance with urine collection protocols. To evaluate the potential measurement error introduced by single void samples, we present an analysis of exposure and dose for two commonly used pesticides based on single morning void (MV) and 24-h urine collections in farmers and farm children. The agreement between the MV concentration and its corresponding 24-h concentration was analyzed using simple graphical and statistical techniques and risk assessment methodology. A consistent bias towards overprediction of pesticide concentration was found among the MVs, likely in large part due to the pharmacokinetic time course of the analytes in urine. These results suggest that the use of single voids can either over-or under-estimate daily exposure if recent pesticide applications have occurred. This held true for both farmers as well as farm children, who were not directly exposed to the applications. As a result, single void samples influenced the number of children exposed to chlorpyrifos whose daily dose estimates were above levels of toxicologic significance. In populations where fluctuations in pesticide exposure are expected (e.g., farm families), the pharmacokinetics of the pesticide and the timing of exposure events and urine collection must be understood when relying on single voids as a surrogate for longer time-frames of exposure.
Introduction
Urine is one of the most commonly used matrices for biologic monitoring of pesticides. Monitoring is typically conducted by collecting single void (spot) or daily (24-h) urine samples, with each method having inherent advantages and limitations for correctly classifying exposure. Collection of single voids is more time-and cost-effective than collection of 24-h samples. However, the single void must approximate the concentration of an analyte excreted over a 24-h period in order to serve as a surrogate for a daily sample. This may not be the case depending on factors such as variability in urine dilution or timing between exposure and collection of the void. This latter issue is particularly important when evaluating pesticides with short biological half-lives and populations with increased exposure potential. Owing to fluctuations in exposure and rapid metabolism and excretion of nonpersistent pesticides, it has been suggested that a single measure of a urinary pesticide metabolite may not be sufficient to characterize an individual's daily exposure profile (Kissel et al., 2005) , day-to-day profile (Meeker et al., 2005) or exposure profile over longer periods of time (MacIntosh et al., 1999) .
In contrast to single void samples, the collection of 24-h urine samples provides an integrated measure of daily dose and has less uncertainty due to fluctuations in urine volume and analyte concentrations. However, the collection of 24-h urine samples places a high burden on study volunteers, especially when urine must be collected over multiple days in order to estimate the total absorbed dose from an exposure event. This leads to a greater potential for noncompliance with urine collection protocols. Noncompliance may be a particularly significant issue for children due to lack of proper incentives, the need for age-appropriate training, and reliance on caregivers to help collect voids (Adgate et al., 2000) . Like single voids, incomplete 24-h urine samples can also result in measurement error. If pesticide concentrations in single void samples adequately approximate those in 24-h urine samples, this would be the favored sampling design due to ease of collection and reduced costs. To explore potential bias in exposure and daily dose estimates introduced by using single void samples, we present an analysis of agreement between single void and 24-h urine samples measuring pesticide exposure in farmers and their children.
Materials and methods
The Farm Family Exposure Study (FFES) was conducted to evaluate exposure to farm family members following the application of a pesticide to their farm. The study was conducted with approval of the Human Subjects Committee of Institutional Review Board at the University of Minnesota.
Subject Selection
The FFES has been previously described (Baker et al., 2005) . Briefly, licensed pesticide applicators were randomly recruited from state listings in South Carolina and Minnesota. Families were selected based on the following eligibility criteria: (1) The farmer, spouse, and at least one child, 4-17 years of age at recruitment, lived on the farm; (2) The farmer was planning to personally apply glyphosate, 2,4-D, or chlorpyrifos to at least 10 acres of crop-land within one mile of the family residence as part of the normal farm operation; and (3) family members were willing to collect all urine voids for 5 consecutive days. A total of 95 families participated (45 in MN and 50 in SC) and made 106 chemical applications. A subsample of farmers and children applying 2,4-D and chlorpyrifos were selected to evaluate how single void samples compared to 24-h samples. In all, 10 farmers and 10 children were selected for each chemical. While all farmers were male, 55% of the sampled children were female.
Urine Collection and Preparation of Composite Samples
Individual urine voids were collected in 500 ml containers from 24 h before through 96 h after pesticide application. Participants labeled these containers according to the date and time of each sample collection and stored them in coolers with blue ice packs or in mini-refrigerators. Field research staff collected the samples daily. The chlorpyrifos metabolite 3,5,6-trichoro-2-pyridinol (TCP) and 2,4-dichlorophenoxy acetic acid (2,4-D) were measured in 24-h composite samples that contained amounts proportional to the volume of each individual urine void. The composites were timed in relation to the initiation of pesticide handling, with the ''baseline'' 24-h urine collection consisting of the samples collected in the 24 h preceding the start of the pesticide application. The 0-24, 24-48, 48-72, and 72-96 h composites included samples collected beginning at the start of pesticide handling (Time 0), and at 24, 48, and 72 h afterwards.
A morning void (MV) sample from the morning on the day after application was analyzed for either 2,4-D (n ¼ 20) or TCP (n ¼ 20) in a subsample of farmers and children. The MV was collected on average 23 h after the start of pesticide handling. To select morning samples, farmers and children were stratified into quintiles based on urinary concentrations of 2,4-D or TCP. For farmers, two samples were randomly selected from within each quintile. Owing to lower urine volume for children, an adequate quantity of urine from the individual void was frequently unavailable after removal of a portion for compositing. If an adequate volume was not available for a selected child, another child from the remaining children in the strata was selected at random. The single voids in this analysis were selected to represent, as closely as possible, the first morning void of the day after application. As some samples may not have been the first void of the day; that is, some participants voided in the early morning hours and some samples identified as the first void may actually represent a second or third void of the day due to incomplete collection, we conservatively consider this analysis to be a comparison of 24-h composites versus single morning voids.
Analytical Methods
Urine samples were analyzed for the chlorpyrifos metabolite 3,5,6-trichloro-2-pyridinol (TCP) and 2,4-D simultaneously at Morse Laboratories, Inc. in Sacramento, California, using a method developed at Dow Chemical. Both analytes were hydrolyzed to their nonconjugated forms (1 ml urine þ 0.1 ml conc. HCl, 801C Â 2 h), samples diluted with 0.5 ml 20% aqueous NaCl and extracted into toluene (1 Â 1 ml). The organic extracts were treated with N-methyl-N-(tert-butyldimethylsilyl)-trifluoroacetamide (30 ml, 801C Â 2 h) to form the tert-butyl-dimethylsilyl derivatives of 2,4-D and TCP. Following five-fold concentration, the samples were analyzed by GC/MS operating in the negative ion chemical ionization mode with a Finnigan MAT SSQ-710 mass spectrometer (San Jose, CA) and a DB-5 capillary GC column (30 m Â 0.25 mm id Â 0.25 mm film). GC conditions were: 15-s splitless injection (injector and transfer line 280 and 3001C, respectively), helium carrier gas (15 psig), 1-min initial hold at 1001C, 151C/min ramp to 3001C, final hold of 2 min. Mass spectrometer conditions were: methane reagent gas (9 torr), ions monitored were 161 ( Results presented herein are corrected for laboratory relative recovery. Intra-day (n ¼ 3) relative recovery from urine fortified at 1-500 ng/ml ranged from 84.8%71.3 to 89.0%72.2 for 2,4-D and 85.8%73.5 to 93.5%72.0 for TCP. Inter-day relative recovery (n ¼ 4) from urine fortified at 1-110 ng/ml ranged from 83.4%74.6 to 88.0%72.2 for 2,4-D and 97.2%72.6 to 105.4%714.3 for TCP. The results were not corrected for recovery from field and travel spikes because the recoveries were just over 100% on average and the correction would only marginally decrease the estimated exposure.
Data Analysis
The MV pesticide concentration (C MV ) was compared to the 24-h composite concentration (C 24Àh ) in which the MV was included, on a relative scale as C MV /C 24Àh . Although the MVs were collected the morning after application, in some cases the MV was part of the 0-24 h composite (n ¼ 28) while in other cases, the MV was part of the 24-48 h composite (n ¼ 12), depending on whether or not the MV occurred o24 h or 424 h after the start of pesticide handling. On average, 29% of the composite was comprised of the MV based on the ratio of MV volume to 24-h volume. Values below the limit of quantitation (LOQ ¼ 1.0 mg/l) were assigned a value of 0.5 mg/l for data analysis. For TCP, there were no values below the LOQ. For 2,4-D, there were no MV concentrations below the LOQ but one farmer and one child had 24-h composite concentrations below the LOQ.
The agreement between C MV and C 24Àh is described with a Bland-Altman plot of the difference between the urinary concentrations (C MV -C 24Àh ) versus the mean [(C MV þ C 24Àh )/2] (Bland and Altman, 1986 ). This plot explicitly shows any lack of agreement between the sampling methods and any relationships between the variability of the differences and the magnitude of the measurements. The mean difference and the 95% limits of agreement (mean difference71.96 SD) are displayed on the plot.
As some lack of agreement between C MV and C 24Àh is expected in this population, we evaluated whether or not the disagreement between the sampling designs is enough to cause differences in interpretation. To this end, estimates of chlorpyrifos and 2,4-D daily dose derived from C MV and C 24Àh were compared to toxicological benchmarks. Simple dose estimates for 2,4-D and chlorpyrifos were calculated in accordance with Fenske et al. (2000) , using the formulas:
Approximately 100% of the absorbed dose of 2,4-D is excreted in the urine as the parent or its conjugates in adult men (Sauerhoff et al., 1977; Kohli et al., 1974) . Therefore, the entire concentration of 2,4-D in urine was multiplied by the daily urinary excretion volume and this value was divided by self-reported body weight to achieve final dose estimates in milligram per kilogram per day. For chlorpyrifos, TCP concentrations were first converted to their molar equivalents. The molar concentrations were then converted to chlorpyrifos concentration using the molecular weight of the parent compound. As on average 70% of a chlorpyrifos oral dose is excreted in urine as TCP in adult men (Nolan et al., 1984) , the concentrations were adjusted upwards by a factor of 1.4 to account for metabolism.
Although subject-specific urinary excretion volumes were used in C 24Àh -based dose calculation, total daily urine volume is not known when estimating dose from C MV . Therefore, age-specific normative values for urinary excretion volume were used (0.8 l/day for children 4-8, 1.1 l/day for children 9-15, 1.3 l/day children 16-18 years of age, and 1.6 l/day for adult men) (Sunderman and Boerner, 1949; Bingham et al., 1988; Mueller et al., 2005) . Subject-specific urinary excretion volumes were also used in C MV -based dose calculation as a sensitivity analysis. The urine volumes of both farmers and children were generally lower than normative values. Farmer's urine volumes ranged from 0.7 to 2.1 l/day with a median of 1.1 l/day. Children's urine volumes ranged from 0.3 to 1.6 l/day with a median of 0.6 l/ day. Dose estimates for 2,4-D and chlorpyrifos were compared to the acute no observed adverse effects level (NOAEL), the acute reference dose (RfD), and the acute population adjusted dose (aPAD) for the general population and children. The RfD is the NOAEL adjusted for 10 Â intraand inter-species uncertainty factors. The aPAD is the RfD adjusted for the Food Quality Protection Act (FQPA) safety factor, which addresses any increased hazard for infants and children. A risk estimate that is less than 100% of the aPAD is a dose that an individual could be exposed to on any given day and no adverse effects would be expected. Acute dietary endpoints were selected because they best represent a 24-h internal dose. Specific information regarding the studies, toxicological effects, and adjustment factors used to establish the endpoints can be found in the Reregistration Eligibility Decision Documents for chlorpyrifos and 2,4-D (USEPA, 2002 (USEPA, , 2005 .
Several assumptions were made in chlorpyrifos dose estimation. It was assumed that children excrete 70% of chlorpyrifos as TCP on average in urine, as has been shown in adult males (Nolan et al., 1984) . It was assumed that all TCP originated from chlorpyrifos although chlorpyrifosmethyl is also extensively metabolized to TCP. As this pesticide has relatively limited registered food uses and low percent crop treated estimates (USEPA, 2001), the contribution of TCP from chlorpyrifos-methyl is probably minor. present in several media including indoor dust and food. It is possible that urinary TCP represents exposure to the breakdown product rather than to the parent compound. If the relative contribution of environmental TCP to total TCP metabolite is substantial, using total measured urinary TCP to estimate chlorpyrifos dose would lead to an overestimate of exposure to the parent organophosphate. Although these assumptions may affect the magnitude of the estimated doses, they have no impact on the agreement between the two sampling methods.
Results
All geometric mean ratios (C MV /C 24Àh ) were greater than 1.0, reflecting the fact that C MV was consistently higher than C 24Àh . The geometric mean ratios for 2,4-D were 1.7 and 1.4 for farmers and children respectively (Table 1 ). Figure 1a demonstrates that for 2,4-D, C MV primarily overestimates C 24Àh , as more values lie below the line of equality than above it (i.e., the line on which points would lie if the two sampling techniques yielded equivalent results). The geometric mean ratios for TCP were 1.1 and 1.3 for farmers and children, respectively. As shown in Figure 1b , C 24-h was markedly higher than C MV for three chlorpyrifos applicators (data points no. 1-3). One farmer (data point no. 1) applied chlorpyrifos both during the 24 h prior to the application day as well as the established application day (i.e., composite 0-24 h). Two farmers (data points no. 2-3) delayed their chlorpyrifos applications due to heavy rain and thus the MV selected for analysis was collected in the morning of the application day (prior to the application) instead of roughly 24-h after the application. C MV overestimation bias was more pronounced for chlorpyrifos applicators (1.6) when these three outlying data points were removed (Table 1) . C MV bias was also greater for the MVs that were included in the 0-24 h composite sample (1.5) than those MVs included in the 24-48 h composite sample (1.1) ( Table 1) .
After log transformation, the assumptions of uniform mean and SD in Bland and Altman's limits of agreement approach were adequately met. All data are presented in a single plot (Figure 2 ) because the agreement does not visually appear to differ systematically between age groups and analytes. Thirty-seven of the 40 points (93%) in the BlandAltman plot lie within the 95% limits of agreement as determined by 1.96 SD. There were no obvious relationships between the overall difference and magnitude that would imply that the agreement is concentration dependent. The limits of agreement (mean log difference71.96 SD) were À0.80 and 1.40, or 0.45 and 4.06 on the original scale. After removing the three individuals whose urine samples did not follow study protocol, the 95% limits of agreement become Applicator labeled 1 applied chlorpyrifos the day before and the day of the study application. Applicators labeled 2 and 3 had rain delays; these samples were collected prior to chemical application.
more narrowly spaced and 36/37 of the points (97%) fall within these limits. The lower and upper limits are then À0.55 and 1.32 or 0.58 and 3.74 on the original scale. In sum, even though approximately 30% of the 24-h composite on average was comprised of the MV, the limits of agreement were wide and C MV was found to differ from C 24Àh by 58% below to 374% above for 36 out of 37 measurements.
Comparing the MV and 24-h dose estimates to regulatory toxicological endpoints provides some indication of whether the bias introduced by using the MVs is relevant from a regulatory risk assessment standpoint. For chlorpyrifos, only one applicator's daily dose estimated from C MV was greater than the acute RfD/aPAD of 0.005 mg/kg/day (Figure 3) . No applicators were above the acute RfD or aPAD based on C 24Àh -estimated doses. Although no children's C MV -estimated dose was greater than the acute RfD (0.005 mg/kg/ day), four children's C MV -estimated doses were greater than the children's aPAD of 0.0005 mg/kg/day (Figure 3 ). All children's C 24Àh -estimated doses were below the children's aPAD. Thus, the use of MVs increased the number of individuals who had daily chlorpyrifos doses above EPA's level of concern.
Standard daily urine volumes (described in the Methods section) were used in C MV -dose calculation instead of subject-specific urine volumes. To test the impact of this assumption, chlorpyrifos C MV -based dose estimates were also estimated for children using subject-specific urine volumes. As shown in Figure 3 , the use of standard urine volumes in children's C MV -based dose estimates had a large impact on the dose disparity seen between C MV and C 24Àh . Although three children were still above the aPAD, the magnitude of the C MV -estimated doses was greatly reduced when subject-specific daily urine volumes were used.
For 2,4-D, children and farmer C MV -and C 24Àh -estimated doses were all below the acute RfD/aPAD of 0.067 mg/kg/day (data not shown). Therefore, the difference between C MV and C 24Àh had no meaningful impact on risk assessment for this chemical and this group of individuals. In this case, the absence of risk for 2,4-D was due to the size of the benchmark dose in relation to the dose estimates, rather than stronger agreement between the two sampling methods for 2,4-D.
Discussion
In general, the data presented show that using a single void urine sample can bias daily exposure and dose estimates of two nonpersistent pesticides, 2,4-D and chlorpyrifos, when compared to estimates based on 24-h samples. This held true Figure 2. Log difference against mean for C MV and C 24Àh , with mean difference and 95% limits of agreement indicated. Applicator labeled 1 applied chlorpyrifos the day before and the day of the study application. Applicators labeled 2 and 3 had rain delays; these samples were collected prior to chemical application. for farmers and to a lesser extent, children, who were not directly exposed to the applications. Higher analyte concentrations in the MV than in the 0-24 h composite are expected based on what is known about the pharmacokinetics of chlorpyrifos/TCP and 2,4-D (Feldmann and Maibach, 1974; Kohli et al., 1974; Sauerhoff et al., 1977; Nolan et al., 1984; Harris and Solomon 1992; Griffin et al., 1999) . ''Time zero'' began at the start of pesticide handling. Since the MV was collected approximately 24 h later, this allowed time for the pesticide to be absorbed, distributed, metabolized, and excreted. Using chlorpyrifos as an example, the TCP excretion rate is expected to increase rapidly over the first 24 h after dermal exposure to a near peak excretion rate (Figure 4 in Nolan et al., 1984) . The excretion rate remains relatively stable from time 24 to 48 h before beginning to decline. Since the TCP C MV in this study represents the integrated excretion rate over several hours prior to void collection at an average of time 23 h, this reflects the near maximum TCP urinary excretion rate. In contrast, the 0-24 h composite also contains voids collected in the hours soon after pesticide handling, when the excretion rate was significantly lower. Some voids collected after commencement of pesticide handling may only contain background concentrations (e.g., because farmers did not empty their bladders immediately prior to pesticide handling or due to dermal absorption lag time). Predictably, C 24Àh was markedly higher than C MV for the two farmers who collected their morning void prior to chlorpyrifos application. The farmer who applied chlorpyrifos on two consecutive days prior to MV collection also had a higher C 24Àh , suggesting that multiple exposure events preceding void collection make it difficult to predict the direction of single-void bias. Not surprisingly (based on the TCP excretion rate model in Nolan et al., 1984) , the single voids composited with the 24-h samples representing time 24-48 did not show significant bias.
It is important to note that children's C MV was also higher on average than C 24Àh even though these children were not directly involved in the applications. Although the children did not mix, load or apply the chemicals, FFES field notes documented thirteen out of twenty children entering mixing/ loading areas, making contact with mixing, loading, and application equipment, or being in close proximity to fields during application. Therefore, it may be realistic to assume that for direct and even ''indirect'' exposure scenarios, a single void may not accurately represent daily exposure.
If the pesticide's pharmacokinetic (PK) parameters are known, a more reliable approach is available to estimate daily dose from a single void. PK modeling can be used to predict daily or total absorbed dose based on one or a few single void concentrations collected at appropriate times in relation to the exposure event. Additional information necessary to conduct PK modeling includes the time of the pesticide exposure event, the time of void collection, and the time of the previous void. Rigas et al. (2001) used this method to predict the total dose received by children after chlorpyrifos exposure events. One limitation of this approach is that the most accurate and direct way to develop human PK models is to conduct research involving intentional exposure of human subjects to low doses of chemicals. These studies are understandably controversial. Another drawback is that PK models will not account for differences in physiological processes that may exist between individuals or within untested groups (e.g. children, pregnant women).
There are uncertainties inherent in this analysis. Urinary metabolite measurements are routinely corrected for variability in urine dilution by using creatinine measurements. The effect of this adjustment on the agreement between the two methods could not be evaluated because creatinine concentration was not analyzed in the MV samples. Higher creatinine concentrations have been found in morning voids , which suggests that C MV may not overestimate C 24Àh to the same degree on a mg/g creatinine basis. However, the merit of creatinine adjustment is controversial in the pesticide exposure literature, and may introduce additional sources of error. In particular, studies have found that urinary creatinine in young children is highly variable (both inter-and intra-individually) and appears to lack utility in young age groups (O'Rourke et al., 2000; Kissel et al., 2005) .
It is possible that participants did not collect every void. As only one child and one farmer were below the 5th percentile of reference values for 24-h creatinine excretion (Bingham et al., 1988; Remer et al., 2002) a , the impact of one or two missing voids on C 24Àh may not be remarkable. However, missed voids and consequent lower urine volumes do have a large impact on dose estimates. C MV -based dose estimates were higher than C 24Àh -based dose estimates in part due to the use of standard urine volumes. While these standard urine volumes may be overestimating urine output and thus dose estimates, an equally reasonable conclusion is that the subject-specific urine volumes were incomplete and therefore underestimating dose. The fact that subject-specific urine volumes were often lower than normative values adds weight to this latter conclusion.
This analysis focuses on one source of exposure-measurement error and cannot separate out other possible sources of error that may affect the agreement between C MV and C 24Àh . As such, single-void biomonitoring studies in populations without excess pesticide exposure potential should still collect 24-h samples within a sub-sample of participants in order to characterize the error surrounding C MV . A few studies have compared the concentrations of rapidly excreted metabolites in pooled 24-h samples and first morning voids when a Adult reference values were based on adult Caucasian men age 25-44 on self-selected diets. Reference values for children (also Caucasian, on self-selected diets) were age-, sex-and body weight-specific. sampling did not occur shortly after unusual exposure events. Hinwood et al. (2002) concluded that a first morning void is a suitable surrogate for a 24-h sample in population studies of exposure to environmental arsenic. Kissel et al. (2005) compared the concentrations of several organophosphate pesticide metabolites in children's spot samples collected at four time points over a day to the volume-weighted average of the four samples. Although the first morning void was found to be the best predictor of estimated total daily metabolite concentration, children's urinary metabolite concentrations were highly variable over the course of a day, suggesting that a full 24-h sample is preferable over spots.
In sum, substituting single voids for 24-h urine samples may result in upwards or downwards biasing of exposure and dose estimates following exposure to chemicals which are excreted fairly rapidly. For risk assessment purposes, the magnitude of the bias only becomes important when estimated dose levels approach toxicological benchmarks and thus impact regulatory decision-making. While we did not have an adequate sample size to fully characterize this approach for categorical analysis in epidemiology studies, the results suggest that the bias may not be large enough to categorically misclassify exposures (e.g., high/med/low in tertiles), even after recent exposures. Future studies with larger sample sizes would be needed to further explore this issue.
